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Optimizing the corrosion performance of
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weathering steel
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In this study, thecorrosionbehavior of AlMn lightweightweathering steel (LWS) in the simulatedmarine
atmospherewas investigated bymeans of the dry/wet corrosion cycle test. The results showed that Al
was present as FeAl2O4 and enriched in the inner layer, which significantly optimizes the rust layer in
terms of compactness, elemental distribution, phase constitution, and electrochemical properties.
TheMn oxides promoted the formation of FeAl2O4 and enhanced the anti–rupture ability of the LWS’s
rust layer.

Weathering steel circumvents severe corrosion problems in the
atmosphere by reducing the corrosion rate through the formation of a
firmly adherent and protective rust layer1–3. Weathering steel is widely
used in marine and land transportation industries, such as railway
freight vehicles and containers, etc. However, the major alloying ele-
ments in weathering steel, Cu (ρ: 8.92 g cm−3) and Ni (ρ: 8.91 g cm−3),
increase the density of the steel (~7.85 g cm−3). The use of conventional
weathering steel with high-density results in increased energy con-
sumption and emissions during transportation. By contrast, the
lightweight of weathering steel contributes to environmental relief. In
the meantime, conventional weathering steel struggles to form a stable
and protective rust layer in harsh atmospheres, resulting in severe
corrosion. Therefore, developing low–density weathering steel with
excellent corrosion resistance is necessary and urgent.

Fe–Al–Mn–C lightweight steel has received considerable attention
due to its low density, and exceptional mechanical properties4–9. The
addition of Al (ρ: 2.70 g cm−3) alters the lattice parameters of steels,
while simultaneously reducing density due to its low atomic mass. A
density reduction of ~0.1 g cm−3 can be achieved per 1 wt% of Al10.
Chen et al.11 reported that the addition of Al improved the corrosion
resistance of weathering steel in a simulated marine atmosphere. The
inner rust layer structure was improved and anodic dissolution was
inhibited by the presence of Al in the form of the spinel oxide FeAl2O4.
Moreover, Al alloying increased the content of α-FeOOH and
improved the protective properties of the rust layer. However, Xu et al.12

concluded that although large size Al–enriched particles composed of
AlOOH and Al(OH)3 can fill in the cracks and pores in the rust layer

and improve corrosion resistance, they cannot block the invasion of
Cl−. Mn (ρ: 7.47 g cm−3) enhances the strength and toughness of steel by
solid solution strengthening, compensating for the partial loss of
strength caused by reduced carbon concentration. In addition, Mn
significantly reduces the ferrite transformation temperature and pro-
motes austenite formation. Fajardo et al.13 found that increasing Mn
concentration in Fe-Al-Mn-Si steels had a negative impact on corrosion
resistance due to the less protective Mn oxides in the surface film.
However, Dae et al.14 found that the corrosion resistance of
Mg–4Zn–0.5Ca–xMn was improved by the addition of Mn, and that
Mn oxides could block Cl− invasion. The form of Al present in the rust
layer and the effect of Al and Mn on the corrosion resistance of alloy
remains controversial. However, the corrosion behavior of AlMn
weathering steel in the marine atmosphere is poorly understood. In
particular, the synergistic mechanism of Al and Mn requires further
exploration.

The work reported by this paper aims to explain the evolution of the
rust structure, elemental distribution, phase composition, and corrosion
resistance of lightweightweathering steel in a simulatedmarine atmosphere.
The cross–sectional morphology of the rust layer was observed using
scanning electron microscope (SEM), and the relevant element distribution
was characterized by energy dispersive spectrometry (EDS). In addition,
X–ray diffraction (XRD), Raman spectrometry, X–ray photoelectron spec-
troscopy (XPS), and transmission electron microscopy (TEM) were used to
analyze the phase composition of the rust layer. Finally, the electrochemical
properties of the rust layer were investigated by potentiodynamic polariza-
tion curve and electrochemical impedance spectroscopy (EIS).
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Results
Microstructure and mechanical properties
Figure 1a shows the microstructure of CWS, which comprises pearlite and
ferrite. Meanwhile, Fig. 1b–d shows the microstructure of LWSs, wherein
LWS1 comprises austenite, LWS2 comprises austenite and ferrite, and
LWS3 comprises ferrite, correspondingly. The engineering stress-strain
curves for LWSs are displayed in Fig. 2, and Table 1 exhibits themechanical
properties of the experimental steels. By adjusting the composition of LWS,
it is possible to achieve superior mechanical properties than CWS. The
addition of Al reduces the weldability of the steel, and due to the high Mn
content, Mn vapor will be released when welding. The above–mentioned
disadvantages of lightweight steel can be overcome by laser welding.
Refinementof grain size canbe achievedby adding alloying elements such as
Ti/Nb, thus avoiding coarse grain structure. Increasing the melting tem-
perature improves the fluidity of molten steel and avoids clogging.

Corrosion weight gain
Figure 3 shows the evolution of weight gain with time shown by the
experimental weathering steels in the simulated marine atmosphere. Cor-
rosionweight gain curveswerefitted and the results are listed inTable 2. The
weight gain ofCWSwas divided into two stages, with the slope of the second
stage being smaller than that of the first stage. Throughout the test, the
corrosion rate of CWS initially increased and then gradually decreased. The
corrosion rate was closely related to the rust layer that had formed on the
steel surface. The reduction in the corrosion rate of CWS indicated that the
protective performance of the rust layer has gradually improved. Theweight
gains of LWS1 and LWS2 increased linearly. The weight gains of LWS1 and
LWS2 were considerably lower than that of CWS, and the weight gain of
LWS1was always smaller than that of LWS2. The weight gain of LWS3was
also divided into two stages, with the slope of the second stage being larger
than that of the first stage. The protective ability of the rust layer was
significantly weakened in the later stage of the experiment. The rust layer of

LWS3may be damaged with the progression of corrosion. The weight gain
of LWSwasmuch smaller than that of CWS, indicating that the rust layer of
LWS is more protective and less prone to corrosion than that of CWS. The
addition of Al significantly reduces the corrosion weight gain of weathering
steel in themarine atmosphere and enhances its corrosion resistance. At the
same time, higherMnconcentration results in a reduced corrosionweight of
LWS, while preventing a sudden increase in corrosion weight gain during
the later stage of corrosion.

Rust morphology and element distrubution
To provide a comprehensive view of the rust layer, cross-sections of
experimental steels with different CCTs were observed, as shown in Fig. 4.
Morphology analysis revealed that all rust layers have tightly adhered to the
steel matrix. The rust layer thicknesses of 10CCT, 20CCT, and 30CCT of
CWSwere 94.23, 121.15, and 176.28 μm, respectively. Initially, the rust layer
of CWS had a loose and porous structure. Cl− andO2 could easily penetrate
the rust layer and could reach the steelmatrix. Therefore, the corrosion rate
was very high. As the experiment progressed, the rust layer on CWS
thickened and compacted, resulting in a decrease in the corrosion rate. But
there are a lot of holes and cracks in 30CCT. The rust layer on LWS1 was
divided into a loose outer layer and a compact inner layer. The increase in
CCT had minimal impact on the rust layer thickness and morphology of
LWS1. The rust layer thickness of 30CCT was 31.60 μm, which only
increasedby 8.95 μmcompared to 10CCT.The rust layer thickness of LWS2
and LWS1were the same for 10CCT, but LWS2 hadmore transverse cracks
than LWS1. As the experiment proceeded, the rust layer thicknesses of
20CCT and 30CCT of LWS2 were both larger than those of LWS1, and the
thickness of 30CCT was 48.16 μm. There are more transverse cracks, but
they are favorable for impeding Cl− penetration and reducing the corrosion
rate compared to longitudinal cracks. The rust layer of LWS2 still protected
thematrix well because of its compact structure. The large difference in rust
layer thickness andcompactness indicated that theprotective effect of LWS1

Fig. 1 | OM images. a CWS, b LWS1, c LWS2
and d LWS3.
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and LWS2 rust was considerably better than that of CWS, resulting in the
low corrosion rate of these two LWS. The 10CCT rust layer of LWS3 had a
thickness of 24.10 μm and a compact structure. As the experiment pro-
ceeded, the thickness of the rust layer on LWS3 significantly increased.
Specifically, the thickness of 30CCT reached 85.13 μm. The rust layer gra-
dually loosened and developed cracks, eventually rupturing at 30CCT. This
caused a large amount of Cl− penetrate the rust layer, resulting in an
increased corrosion rate for LWS3 in the later stages of the experiment.
Despite this, the rust layer of LWS3 still exhibited someprotective properties
and a lower corrosion rate compared to CWS. The addition of Al and Mn
inhibited the growthof the rust layer and enhanced its compactness in terms
of thickness and crack number.

Figure 5 shows the cross-sectional distribution of elements in the rust
layer of CWS and 30CCT of LWS.

The distribution of Fe clearly showed the thickness and shape of the
rust layer of CWS. O was uniformly distributed in the rust layer of LWS.
However, Fe concentration in the outer rust layer was significantly higher
than that in the inner rust layer. Al was enriched in the inner rust layer of
LWS, and the degree of enrichment increased with the increase in Mn
content in the matrix. The distribution of Fe and Al can further clarify the
interface between the inner and outer rust layers. The enrichment of Al in
the inner layer had a significant impact on themorphology of the rust layer,
which in turn affected the corrosion behavior of LWS. In addition, Mn was
detected in the rust layer of LWS1 and LWS2, indicating that Mn was
involved in the corrosion process of LWS. Figure 6 shows the Cl element
distribution of rust layers in 30CCT. The point analysis was selected to
accurately determine the distribution of Cl element. The locations of the
point analysis are displayed in Fig. 4c, f, i and l. The results showed that the
Cl concentration in the inner rust layer of CWSwas slightly lower than that
in the outer rust layer. Despite the thickness of the rust layer on CWS, its
ability to block Cl− was limited. In contrast, the rust layer on LWS1 and
LWS2 was highly effective in preventing the penetration of Cl−. The Cl
concentration in the inner rust layer of LWS1 andLWS2 ismuch lower than

that in CWS. Meanwhile, Al was enriched in the inner rust layer of LWS1
and LWS2. The Al-enriched layer significantly increased the repulsion of
Cl−, resulting in a reduced corrosion rate compared to CWS. Although an
Al-enriched layer was also present in the inner rust layer of LWS3, the
rupture of the rust layer weakened its ability to prevent the attack of Cl−,
leading to an increase in the corrosion rate of LWS3 in the later stage of
corrosion.

Figure 7 displays the surfacemorphologies of the rust layer at 30CCT.
There are numerous holes on the surface of CWS, which provide a
pathway for the electrolyte to penetrate the rust layer. In contrast, the
surface of LWS1 is compact and free of holes.However, there are cracks on
the surface of LWS2 andLWS3.Thenumber of crackson the surface of the
LWSs increases as the Mn concentration decreases. The corrosion mor-
phology of rust removal steels at 30CCT was observed by SEM (Fig. 8). It
can be found that these steels have the same corrosion pattern, which is a
combination of uniform corrosion and non-uniform corrosion. The
substrate of CWS is severely corroded and there are deep corrosion pit. In
contrast, the substrate of LWS1 exhibits slight corrosion with some
shallow corrosionpits. Thenumber of corrosionpits in theLWS increased
as theMn concentration decreased. This suggests that the addition of Mn
restrained non-uniform corrosion. The corrosion loss rate of the experi-
mental steels at 30CCT was calculated. The corrosion loss rates for CWS,
LWS1, LWS2, and LWS3 are 0.316, 0.043, 0.072, and 0.171 mg cm−3 CCT,
respectively.

Phase composition
The phase composition of the rust layer was analyzed using XRD, as shown
in Fig. 9a–d. The phase composition of the CWS rust layer was consistent
and included α-FeOOH, β-FeOOH, γ-FeOOH, and γ-Fe2O3.

In addition to these phases, FeAl2O4 was present in the corrosion
product of LWSs, while MnO2 was found in LWS1 and LWS2. α-FeOOH,
β-FeOOH, γ-FeOOH, and γ-Fe2O3 were the main phases in the marine

Fig. 2 | Engineering stress-strain curves of experimental steels.

Table 1 | Mechanical properties of experimental steels

Steel Yield strength (MPa) Tensile strength (MPa) Total elongation (%)

CWS 347 523 24.26

LWS1 295 565 50.04

LWS2 465 650 39.71

LWS3 406 482 28.36

Fig. 3 | Weight gain results of CWS and LWSs.

Table 2 | Fitted results of weight gain curves

Steel First stage Second stage

CWS y =−0.08+ 0.78x (0 ≤ x ≤ 13) y = 2.91*x0.49 (13 ≤ x ≤ 30)

LWS1 y = 0.58+ 0.06x (0 ≤ x ≤ 30)

LWS2 y = 0.73+ 0.09x (0 ≤ x ≤ 30)

LWS3 y = 0.24+ 0.17x (0 ≤ x ≤ 13) y =−2.10+ 0.36x (0 ≤ x ≤ 13)
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atmosphere. However, the XRD peaks of rust showed variation in terms of
intensity andwidth, indicating differences in the content of eachphase in the
rust layer. As the experiment proceeded, the peak intensities of α-FeOOH in
all steels gradually increased.The compoundwith a relativelydense structure
like α-FeOOH can retard the corrosion process. The XRD spectra indicate
that the protectiveness of the rust layer increased with the passage of time.
The α-FeOOHpeak intensity of LWS increasedmore significantly than that
of CWS. In the rust layer of LWS3, the intensity of the FeAl2O4 peak was
weak and there was no MnO2 peak. With the passage of time, the peak
intensities of FeAl2O4 andMnO2 in LWS1 and LWS2 intensified. The peaks
of FeAl2O4 and MnO2 in LWS1 were more intense than those in LWS2.

As shown in Fig. 10a–d, the XRD profiles were analyzed semi-
quantitatively to express the ratio of different phases in the corrosion pro-
duct.Numerous studies have concluded that α-FeOOH is the stable phase in
the rust layer and has a superior ability to block corrosive ions than
β-FeOOH, γ-FeOOH, and γ-Fe2O3

15,16. α/γ* is considered a key index of the
protectiveness of the rust layer, where α is the content of α-FeOOHand γ* is
the total content of β-FeOOH, γ-FeOOH, and γ-Fe2O3

17–19. As α/γ*
increases, the protective properties of the rust layer improve. The α/γ* of
CWS increased with time, reaching 44.56% at 30CCT. The results of α/γ*

showed that the corrosion resistance of CWS gradually improved. The α/γ*
of LWS increased with the increase in CCT, ultimately achieving a superior
protective ability. At 30CCT, LWS3 had a very high α/γ* value of 69.60%.
The α/γ* and FeAl2O4 content increased simultaneously, with FeAl2O4

likely facilitating the conversion of α-FeOOH. The rust layer became more
protective, and the conversion of γ-FeOOH to α-FeOOH became increas-
ingly obvious with time. The content ofMnO2 and FeAl2O4 in the rust layer
increasedwith the increase inMn concentration.However, at 30CCT, the α/
γ* of LWS1 andLWS2decreased to 51.01%and54.65%, respectively. Theα/
γ* of the rust layer decreased as the Mn concentration increased. This
relationship indicated that the addition ofMn altered the contents ofMnO2

andFeAl2O4 in the rust layer and inhibited the conversionofα-FeOOH.The
effect becamemore apparentwith longer exposure times. In addition, the full
width at half maximum (FWHM) of α-FeOOH(111), β-FeOOH(110), γ-
FeOOH(200), and γ-Fe2O3 (311) were counted (Fig. 10e–h). The peaks of
LWSs were found to be broader than those of CWS, indicating that the rust
layer of LWSs is composed of finer grains according to Scherrer’s equation.
The increase in Mn concentration further broadens the peaks, suggesting
that the synergistic effect of Al andMn accelerates the nucleation process of
the rust layer and retards its growth process.

Fig. 4 | Cross-sectionalmorphologies of the rust layers. a–cCWS, d–f LWS1, g–i LWS2, and j–l LWS3 at a, d, g, j 10CCT, b, e, h, k 20CCT and c, f, i, l 30CCT, respectively.

https://doi.org/10.1038/s41529-024-00450-0 Article

npj Materials Degradation |            (2024) 8:32 4



The rust layer of weathering steel may contain an amorphous phase
that cannot be accurately identified by XRD when it is mixed with the
crystal phases20,21. In addition, the phase distribution in the inner and outer
rust layers cannot be obtained by XRD. Therefore, the phase composition
and distribution in the rust layer must be determined using Raman

spectrometer. Figure 11a–d shows the Raman spectrometer results
obtained with the cross-sections of CWS and LWS. Figure 11a illustrates
that the phase components of the inner rust layer of CWS were mainly α-
FeOOH and γ-FeOOH. In addition, small amounts of β-FeOOH and γ-
Fe2O3were detected. Themain components of the outer rust layer of CWS
were γ-FeOOH, α-FeOOH, and γ-Fe2O3, accompanied by a small amount
of β-FeOOH. The inner rust layer had a higher α-FeOOH content andwas
denser andmoreprotective than the outer rust layer. Figure 11b shows that
the phase compositions of the inner rust layer of LWS1 differed sig-
nificantly from those of CWS and consisted of a large amount of α-
FeOOH. γ-FeOOH was also detected. Similar to those of CWS, the
composition phases of the outer rust layer of LWS1were also composed of
γ-FeOOH, α-FeOOH, and γ-Fe2O3, as well as a small amount of
β-FeOOH. The α-FeOOH signal was notably stronger in the inner rust
layer of LWS1 compared to CWS. The addition of Al increased the α-
FeOOH content of the inner rust layer. The phase composition and dis-
tribution of the rust layer of the other LWS (Fig. 11c, d) were similar to
those of LWS1. However, the increase in Mn content weakened the
intensity of the α-FeOOH peaks. This is consistent with the XRD results,
which showed that the addition of Mn suppressed the conversion of α-
FeOOH. XPS analysis was performed on the 30CCT rust layer of LWS to
provide further clarification on the existing state of elements in the rust
layer. Figure 11e shows that theXPS spectra ofAl 2p in the rust layer can be
divided into FeAl2O4 and Al2O3. The XPS spectra of Al were analyzed
semi-quantitatively and the results are shown in Fig. 11f. The alterations in
the relative contents of FeAl2O4 andAl2O3 suggested a possible conversion

Fig. 5 | Element distribution of the rust layers. a–c CWS; element distribution of rust layer on the d–g LWS1, h–k LWS2, and l–o LWS3 in the 30CCT, respectively.

Fig. 6 | Cl element distribution of the rust layer at 30CCT.
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Fig. 7 | Surface morphologies of rust layer at 30CCT. a CWS, b LWS1, c LWS2, and d LWS3.

Fig. 8 | Corrosion morphology of rust removal steels at 30CCT. a CWS, b LWS1, c LWS2, and d LWS3.
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relationship between the two, i.e., the conversion of Al2O3 to FeAl2O4,
which is facilitated by the addition of Mn. The combined XRD and XPS
results indicated that the formation of FeAl2O4 promoted the conversion
from γ-FeOOH to α-FeOOH. Mn was detected in the rust layer as MnO
and MnO2 (Fig. 11g).

The 30CCT sample of LWS1 was tested using TEM to further analyze
the inner rust layer of LWS. The sample selection locations are presented in
Fig. 12a. The inner rust layer was composed of fine nanoparticleswith a size
of ~10 nm, as shown in Fig. 12b. The SAED pattern indicated that these
grains contained α-FeOOH, β-FeOOH, γ-FeOOH, γ-Fe2O3, and FeAl2O4

(Fig. 12c). FeAl2O4had a lattice spacing of 0.287 nm,which corresponded to
the (220) plane (Fig. 12d). Elemental Fe, O, Al, and Mn were uniformly
distributed in the inner rust layer andwere all involved in the formation and
growthof the rust layer. The enrichment ofAl andMn in the inner rust layer
promoted the generation of FeAl2O4 and increased the protectiveness of the
inner rust layer. Figure 12j–l shows that Al and Mn were enriched in the
inner rust layer whereas Cl was blocked outside the inner rust layer. The
enrichment of Al in the inner rust layer prevented contact between Cl− and
the matrix by blocking the Cl−.

Electrochemical properties
Figure 13 shows potentiodynamic polarization curves and corresponding
corrosion parameters for weathering steels. The main controlling factors of

the cathodic process are the reduction of the rust layer and O, whereas the
anodic process is mainly the dissolution of the matrix. The downward
movement of the potentiodynamic polarization curves indicates an inhi-
bition of the electrochemical reaction. The curves of CWS at different CCTs
showed active dissolution. In contrast, all anodic branches of LWS exhibited
pseudo-passivation, suggesting that the rust layer of LWSwasmore capable
of blocking corrosive ions. The corrosion parameters (Ecorr and icorr) were
using the Tafel extrapolation method from the cathodic curve, which was
done because the anodic does not follow the Tafel empirical law due to the
passivation reaction22. The Ecorr and icorr express the thermodynamics and
kinetics of corrosion, respectively, with high Ecorr and low icorr indicating
lower corrosion tendencies and corrosion rate23. Throughout the corrosion
process, the thickness and corrosion resistance of the rust layer increase,
leading to a reduction in corrosion tendency and rate. The corrosion
potential and corrosion current density of LWS1andLWS2were superior to
those of CWS, showing better corrosion resistance. However, the corrosion
performance of LWS3 significantly deteriorated in the later stage of the
experiment due to the rupture of the rust layer.

The EIS test was performed to further understand the effect of the rust
layer on the corrosion resistance performance of the experimental steels. EIS
tests were performed on the rust layer in a NaCl solution with the same
concentration as the corrosion solution to evaluate the protective capacity of
the rust layer. Figure 14 shows the EIS curves of CWS and LWSs. Both the

Fig. 9 | XRD profile of rust layer. a CWS, b LWS1, c LWS2, and d LWS3.
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semicircle diameter in the Nyquist plots and |Z | 0.01HZ in the Bode-
impedance plot increased gradually, indicating that the protective effect of
all steels increased with the increase in CCT. Given the poor initial com-
pactness of the rust layer, there are many cracks and holes, which allow Cl−

to easily reach the matrix through the rust layer and accelerated corrosion.

The related EIS parameters continued to increase due to the densification of
the rust layer on weathering steels, indicating good stability and protection.
Throughout the experiment, the semicircle diameter of theNyquist plot and
|Z | 0.01HZ of the Bode-impedance plot of LWS were higher than those of
CWS and followed the order of LWS1 > LWS2 > LWS3. The angle diagram

Fig. 10 | XRD parameters. Phase proportion and α/γ* of rust layer on a CWS, b LWS1, c LWS2, and d LWS3; FWHM results of e α-FeOOH(111), f β-FeOOH(110), g γ-
FeOOH and h γ-Fe2O3(311).
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(Fig. 14c, f, i, l) indicates that the resistance of the rust layer against the
permeation of the corrosion solution gradually strengthened as the peaks of
the phase angle of experimental steel gradually increased. The peaks of the
phase angle in all curveswere less than90°.Generally speaking, this behavior
can be interpreted as a deviation from the ideal capacitor characteristics
resulting from the inhomogeneities in the electrodes, porosity, mass
transport, and relaxation effects24,25. The peaks of the phase angle decreased
in the following order: LWS1 > LWS2 > LWS3 >CWS, and the

compactness of the rust layer followed the same trend. Obviously, the trend
of the protective properties of the rust layer was the same.

The EIS data of steels is simulated by the equivalent electrical circuit in
Fig. 15. Rs is the resistance of the solution, CPErust is the capacitance of the
rust layer, Rrust is the resistance of the rust layer, CPEdl is the capacitance of
thedouble layer, Rct is the charge transfer resistance. Table 3 shows thefitting
results of the rust layer. n is the index of CPE, which is the ideal capacitance
when n is 1. Obviously, the nrust and Rct of the experimental steel increased

Fig. 11 | Results of Raman spectra andXPS.Raman
spectra of 30CCT measured on a CWS, b LWS1,
cLWS2, anddLWS3 (G:α-FeOOH,A: β-FeOOH, L:
γ-FeOOH, M: γ-Fe2O3); XPS spectra of e Al in rust
layer of 30CCT of LWS; f ratio of Al compound of
LWS; XPS spectra of gMn in rust layer of 30CCT
of LWS1.
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with time. Corrosion resistance decreased on the order of
LWS1 > LWS2 > LWS3 >CWS.This trend becamemoreobviouswith time,
especially with the increase in nrust and Rct. This result indicated that rust
layers with high FeAl2O4 contents are more compact and resistant to the
transport of Cl− andO2. The nrust and Rct of LWS3 decreased at 30CCT, and
the conclusions of EIS were consistent with the variation in corrosion rate.

Discussion
LWS ismore suitable for use in themarine atmosphere than CWSdue to its
excellent corrosion resistance.The rust layer that formedonLWS is superior
for the following reasons: The rust layer of LWS showed a better physical
structure. The structure of the rust layer was uniform and compact, without
large cracks and holes. Therefore, the rust layer effectively blocked Cl− and
O2 from coming into contact with the matrix. In addition, it exhibited
durable compactness in the marine atmosphere, and the compactness
increased with time, a property that is important for corrosion retardation.

The rust layer of LWS had a superior phase composition and dis-
tribution. Although themain phases of the rust layer on LWSwere the same
as those on CWS, the rust on LWS had a higher α-FeOOH content and
contained FeAl2O4. FeAl2O4 is considered to possess an AB2O4 spinel
crystal structure where cation A has two positive unit charges and cation B
has three positive unit charges. FeAl2O4 is a mixed oxide normal spinel in
which Fe2+ occupies one-eighth of the tetrahedral sites and Al3+ occupies
half of the octahedral sites. The contents of α-FeOOH and FeAl2O4

increasedwith time. In addition, α-FeOOHandFeAl2O4weremore present
in the inner rust layer than in the outer rust layer, and their increase sig-
nificantly optimized the phase composition and distribution of the rust

layer, thus improving its protective effect. A large number of Cl− were
effectively blocked by the inner rust layer, and the acceleration of corrosion
byCl−wasmitigatedbecauseCl− couldnot come intodirect contactwith the
steel matrix, and the localized corrosion at the rust/steel interface deceler-
ated because of the weakened localized acidification26,27.

The rust layer of LWS exhibited better electrochemical properties. The
electrochemical analysis showed that the rust layer of LWS resulted in a high
capacitive reactance arc in 0.3% NaCl solution, and the radius continued to
enlarge with the increase in corrosion time, indicating that the rust layer
provided great resistance against corrosion. TheRct andnrust values obtained
from the EIS curve illustrated that the rust layer participated in blocking
electron transport and material transfer, and the blocking effect intensified.

In summary, owing to its superior physical structure, phase compo-
sitionanddistribution, andelectrochemical properties, the rust layerofLWS
providedbetterprotection, thus effectively reducing the corrosion rate in the
marine atmosphere.

Previous studies showed that the corrosion of steel in the marine
atmosphere is mainly affected by oxygen and Cl− in the electrolyte on the
steel surface. Fe dissolves and generates Fe hydroxides and oxides, and the
relevant reactions in corrosion are as follows:

Fe ! Fe2þ ! FeðOHÞ2 ! FeðO;OHÞ6ðunitÞ ! FeðO;OHÞ6ðnetworkÞ ! γ� FeOOH

ð1Þ
γ-FeOOH is unstable and can convert into α-FeOOH, β-FeOOH, or γ-

Fe2O3. The atomic structures of α-FeOOH, β-FeOOH, and γ-FeOOH
consist of Fe(O, OH)6 octahedra, with varying stacking sequences of Fe(O,

Fig. 12 | TEM results of LWS1. aThe TEM samples of I and II for LWS1; bTEM image of I; c SAEDpattern of (b); dHRTEM image of FeAl2O4 in (b); e–hEDSmapping of I;
i–l TEM image and EDS mapping of II.
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OH)6. The corrosion resistance of weathering steel is closely related to the
chemical and physical properties of the rust layer28,29. The rust layer of CWS
and LWS had the same main compositional phases and consisted of α-
FeOOH, γ-FeOOH, and γ-Fe2O3. The stability of the network structure of
Fe(O,OH)6 decreased because of the highCl

− concentration, which hinders

the conversion of γ-FeOOH into the more stable α-FeOOH but prefers to
dehydrate to form γ-Fe2O3

30,31.
The corrosion of carbon steel proceeded rapidly because of the high

corrosion rate. The growth rate of the rust layer was higher than the
nucleation rate, the rust layer consisted of relatively large grains

Fig. 13 | Potentiodynamic polarization curves and corresponding corrosion parameters. a, b CWS, c, d LWS1, e, f LWS2 and g, h LWS3.
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containing voids and defects32, and Cl− and oxygen easily penetrated the
grain boundaries33. The main products of carbon steel were α-FeOOH
and γ-FeOOH.When the rust layer becomeswet and corrosion occurs in
a high-salt atmosphere, the pH of the wet rust layer decreases because of
the hydrolysis of themetal cations. Subsequently, the hydroxyl (-OH) on
the surface of the rust layer transforms into –OH+

2, leading to the for-
mation of positive charges on the rust, and Cl− easily approaches the
rust/steel interface34. The main alloying elements in weathering steel are
also involved in the formation of the rust layer and influence the mor-
phology and performance of the rust layer. At the early stage of corro-
sion, Fe2NiO4 and CuO are precipitated, thus providing nucleation sites
for the Fe(O, OH)6 network, and the nucleation rate is higher than the

growth rate, resulting in the formation of rust consisting of fine and
compact grains34.

Al is an important element in LWS, Al reacts with O2 to form Al2O3.
Some part of Al2O3 is also involved in the formation of FeAl2O4, and the
relevant chemical equations are as follows:

4Alþ 3O2 ! 2Al2O3 ð2Þ

FeðOHÞ2 þ Al2O3 ! FeAl2O4 þH2O ð3Þ

Al ismainly present in the inner rust layer in the formof FeAl2O4. EDS
and XRD results confirmed that the involvement of Al resulted in the

Fig. 14 | The EIS curves. a–c CWS, d–f LWS1, g–i LWS2, and j–l LWS3.
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formation of a better rust layer. In themarine atmosphere, the Al content in
the rust layer gradually increased with time. Specifically, the appearance of
FeAl2O4 and the increase of FeAl2O4 in the rust layer were responsible for
the increased protectiveness of the rust layer against corrosion.

The Fe-Al potential-pH diagram shows that FeAl2O4 existed stably,
and this spinel oxide is understood to prevent corrosion35. The properties of
the rust layer onLWSwere significantly alteredby the formationof FeAl2O4.
Firstly, FeAl2O4 changed the morphology of the rust. Since alloying ele-
ments, such as Al can increase the number of reaction sites for rust evolu-
tion. The nucleation energy of FeAl2O4 differed from that of Fe(O, OH)6,
which may reduce the nucleation activation of the corrosion product. On
the basis of their standard electrode potential, Al (−1.66 v) is more active
than Fe (−0.44 v) in a corrosive medium. In the early stage of the corrosion
process, the formation of FeAl2O4 provided nucleation sites for the Fe(O,
OH)6 network. The increase in reaction sites and the decrease in the
nucleation activation of corrosion products will enhance nucleation. Given
that FeAl2O4 and Fe(O,OH)6 have different structures, FeAl2O4 influenced
the evolution of Fe(O, OH)6, thus distorting the Fe(O, OH)6 network

33.
Eventually, rust consisting of fine, dense grains was formed. In the early
stage of corrosion, LWS generated FeAl2O4, which was highly protective
and resulted in a low corrosion rate. The generation of FeAl2O4 accelerated
the formation of nanoscale α-FeOOH in the rust layer rather than the
conversion of γ-FeOOH into β-FeOOH or γ-Fe2O3. As a result, the α/γ* of
LWS increased as the experiment progressed.The increase inα-FeOOHand
FeAl2O4 improved the stability and compactness of the rust layer. The rust

layer consists of fine grains is expected to retard the diffusion of Cl− and O2

along the grain boundaries. Therefore, the formation of a fine rust layer can
reduce the corrosion reaction rate.

Secondly, FeAl2O4 changed the ion-exchanging properties of the
rust layer. FeAl2O4 was stably present in the inner rust layer. The Fe(O,
OH)6 network in the inner rust layer contained a large amount of
FeAl2O4. As a result of the spinel structure and the low oxidation-
number averaged over metals, the grain boundaries or surfaces of the
inner rust grains were more negative than those of grains containing
only the FeOOH phase, and the grain boundaries or surfaces of the
inner rust layer were also more negative than those of the outer rust
layer36,37. This situation effectively inhibited the penetration of anions
(especially Cl−), thus preventing the accumulation of negative Cl− in
the rust grains, which prevented the pH from decreasing at the rust/
steel interface38. Therefore, it can be assumed that the increase in
FeAl2O4 content significantly improves the electronegativity and anion
selectivity of the rust layer, especially the inner rust layer.

The presence of FeAl2O4 improved the physicochemical properties of
the rust layer, including the phase composition and distribution, and elec-
trochemical properties. These improvements were always assured with
prolonged exposure due to the continuous enrichment of FeAl2O4 in the
inner rust layer. The schematic diagram of the corrosion mechanism is
shown in Fig. 16.

The ΔG of Eqs. (2) and (3) are −3164.6 and −154.5 KJmol−1,
respectively. The calculated values for both reactions suggest that the

Fig. 15 | Equivalent electrical circuit for the EIS data.

Table 3 | Fitted parameters of the EIS curves of CWS and LWS by equivalent electrical circuit

Steel Rs (Ω·cm2) CPErust (Ω−1·cm−2·Sn) nrust Rrust (Ω·cm2) CPEdl (Ω−1·cm−2·Sn) ndl Rct (Ω·cm2)

CWS-10 268.4 9.519 E-2 0.3992 31.27 1.491 E-2 0.5481 117.3

CWS-20 255.5 3.348 E-2 0.4554 43.80 4.971 E-2 0.5585 218.3

CWS-30 283.5 7.639 E-3 0.4565 65.22 2.864 E-2 0.5536 336.9

LWS1-10 276.7 3.913 E-3 0.6041 136.8 1.062 E-3 0.6252 1146

LWS1-20 273.3 1.271 E-3 0.6292 347.9 1.630 E-4 0.6705 2766

LWS1-30 311.8 2.211 E-4 0.6356 453.9 5.952 E-4 0.6637 4083

LWS2-10 202.8 6.692 E-3 0.5904 147.4 1.138 E-3 0.5336 1273

LWS2-20 287.8 4.017 E-3 0.6415 357.5 2.35 E-3 0.6073 2837

LWS2-30 282.6 8.354 E-4 0.6546 398.3 1.06 E-4 0.6447 3946

LWS3-10 300.4 4.559 E-3 0.6108 158.5 5.489 E-3 0.5797 1128

LWS3-20 329.1 2.926 E-3 0.6395 376.6 4.129 E-3 0.6071 2580

LWS3-30 322.4 2.818 E-3 0.5446 289.9 4.304 E-3 0.5775 1456
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transformation from Al to FeAl2O4 can occur spontaneously. Numerous
studies indicate thatMnoxides can serve as catalysts ormodifiers to enhance
the battery materials’ performance39,40. The Mn oxide particles within the
rust layer form a rigid framework that can serve as catalytically active sites,
providing a fast electron and ions transportation path, reducing the energy
barrier, and accelerating the reaction. The catalytic characteristic of Mn
oxide, which is conducive to electronic transfer, promotes the transforma-
tion of Al to FeAl2O4. This becomes more pronounced with increasingMn
concentration. During corrosion, FeAl2O4 was enriched in the inner rust
layer. This effect not only provided nucleation sites for nanoscale α-FeOOH
but alsofilled theholes and cracks in the rust layer. This effectwas conducive
to the generation of a denser rust layer with improved protection. However,
the increase inMn content led to the preferential participation of γ-FeOOH
in the cathodic reaction instead of its conversion to α-FeOOH41. The
reduction in α-FeOOH content affected the compactness of the rust layer.
However, the generation of FeAl2O4 may not only increase compactness; it
may also reduce cracks and improve the protective effect of the rust layer.

The highest α/γ* of the rust layer was observed for 30CCT in the
LWS3 sample. However, the rust layer ruptures in the later stages of the
experiment, leading to a significant increase in the corrosion rate.As the rust
layer thickened, dry-wet cycles and phase transitions introduced stress into
the rust layer, leading to increased cracking42(FeOOH is an ionic compound
that determines the brittle nature of the rust layer. Even if the rust layer is
dense, excessive stresswill cause it to crack to release stress andaccelerate the
steel corrosion43). The crack of the rust layer prolongs the stagnation time of
the solution and lowers the pH value within the crack due to the hydrolysis
of themetal ions. The crackprovides an ideal location to become a favorable
anodic corrosion condition, promoting further corrosion reaction leading to
greater acidification and stabilizing corrosion within the crack. Excessive
cracking can cause the rust layer to rupture, resulting in a rapid increase in
corrosion rate. The rust layer of LWS3 ruptured at 30CCT. The addition of
Mn increased the content of FeAl2O4, enhanced the protective properties
and anti-rupture ability of theLWS’s rust layer.As a result, LWS1andLWS2
exhibit high compactness and excellent corrosion resistance in the later
stages of the experiment.

In the current CCT, the lightweight weathering steel showed better
corrosion resistance and we are willing to further evaluate the corrosion
resistance of lightweight weathering steel in the atmosphere through

weathering test. We hope to obtain more detailed experimental data to
promote the development of weathering steel.

The rust layer formed on LWS in the marine atmosphere was sys-
tematically studied, and the following conclusions can be drawn:

The rust layer formed on LWS exhibits corrosion resistance and a low
corrosion rate. The rust layer of LWS shows significant advantages over
CWS in terms of physical structure, phase composition and distribution,
and electrochemical properties.

The FeAl2O4 in the inner rust layer provided nucleation sites for
Fe(O, OH)6, which refines the grains and promotes α-FeOOH generation.
The holes and cracks in the rust layer were filled with FeAl2O4 and the
compactness of the rust layerwas improved.Additionally, the enrichmentof
FeAl2O4 in the inner rust layer produced an electronegative effect that
blocks Cl−. This effect becomes more pronounced with time.

The addition of Mn promoted the formation of FeAl2O4 while inhi-
biting the conversion of α-FeOOH. As the Mn content increases, the rust
layer of LWS tends to become compact and crack-free. The addition of Mn
prevents rupture of the LWS’s rust layer caused by stress release.

Methods
Alloy preparation
The chemical compositions of theweathering steels are listed in Table 4. For
convenience, the conventional weathering steel is referred to as CWS, and
the lightweight weathering steels with various Mn concentrations are
referred to as LWS1, LWS2, and LWS3, respectively. CWS was a hot rolled
steel plate manufactured by Angang Steel Company Limited. The LWS
material wasmelted using a 50 Kg vacuum inductionmelting furnaceunder
an Ar atmosphere. Steel molds were utilized for casting and air–cooled to
room temperature after pouring. The ingots were forged at 1115 °C and
air–cooled to room temperature. Subsequently, they were heated to 1050 °C
and repeatedly rolled 6 times to obtain a steel plate with a thickness of 5mm
(total reduction: 75%).

Microstructure observation
The microstructure of the experimental steels was observed by optical
microscope (OM; Zeiss Axiovert 200MAT). The OM samples were sanded
with 4000# SiC sandpaper and subsequently polished to a mirror finish.
Afterward, they were etched with 15% Nital. The uniaxial tensile tests were

Fig. 16 | Schematic diagram of the corrosion
mechanism. a CWS and b LWS.
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carried out at room temperature using a universal testing machine (Instron
5982). Each condition was repeated thrice to ensure reproducibility.

Corrosion cycle test
All steels were processed into samples with dimensions of
15mm× 15mm× 4mm for the corrosion cycle test (CCT), rust layer
analysis, and electrochemical measurements. Samples were ground with
800# sandpaper, cleanedwith alcohol, and dried before being used for CCT.
The CCT procedure is as follows: (1) the original samples were weighed; (2)
the sample surface (15mm× 15mm) was wetted with 80 μL cm−2 of 0.3%
NaCl solution (wt%); (3) the samples were held in a constant temperature
andhumidity chamberat 25 °C, 60%RHfor24 h; (4) thedried sampleswere
reweighed; (5) the samples were washed with deionized water to avoid the
accumulation of NaCl and dried again; (6) the steps (2)–(5) were repeated.
Six parallel samples of each weathering steel were prepared to improve the
accuracy of the experiment. The experimental period lasted 30 CCT.

Rust layer characterization
The rust layer was observed by SEM (Hitachi S–3400), and the element
distribution of the rust layer was determined by EDS. The descaling
solution (500 mL hydrochloric acid + 500 mL deionized water + 3.5 g
hexamethylenetetramine) was used to remove the rust layer generated
on the samples at 30 CCT44. They were then cleaned with alcohol, dried,
and weighed with a balance. In order to determine the error caused by
substrate dissolution in the descaling solution, a blank sample of the
same size for each steel was used for weight loss correction. The blank
sample was placed in the descaling solution with the same time, and the
weight loss was recorded as m1. The corrosion loss rate was calculated
from the following equation:

V ¼ m0 �mt �m1

st
ð4Þ

where V is the corrosion loss rate (mg cm−2 CCT), s is the exposed area
(cm2), t is time (CCT),m0 is the initial weight of the samples (mg) andmt is
the weight loss caused by substrate loss. The rust layer was scraped off, and
its composition was studied through XRD (PCX D/Max–2500) and XPS
(ThermoScientific ESCALAB250XI). XRDscanswere obtained over the 2θ
range of 10–70°, with a step size of 0.02° and step time of 2 s. XRD spectra
were semi-quantitatively analyzed using the RIR method to determine the
phase content45. The binding energy of XPS was adjusted for the charging
effect by referencing the C1s peak (284.8 eV). The composition of the inner
and outer rust layer was studied using MicroRaman spectrometer (Horiba
LabRAM Evolution). The Raman shift range was 200–1400 cm−1, the
spectrum acquisition time was 10 s and the laser wavelength was 532 nm.
Phases in the rust layer were identified on the basis of the peak positions in
previous studies36,46–48. The rust layer was analyzed using TEM (FEI
TECNAL G2 S–TWIN F20) accompanied by selected area electron
diffraction (SAED).

Electrochemical measurement
The Potentiodynamic polarization curve and EIS of rusted steel were con-
ducted on an electrochemical workstation (PARSTAT 3000A–DX). A
conventional three-electrode system was used, with the working electrode
being rusted steel, the reference electrode being a saturated calomel

electrode, and the counter electrode being a platinum electrode. The test
solution was 0.3 wt% NaCl solution. The potentiodynamic polarization
curve was performed at a scan rate of 1mV s−1, from−1.5 V to 1.5 V. The
corrosion potential (Ecorr) and corrosion current density (icorr) were deter-
mined using the Tafel extrapolation method22. The frequency range of EIS
measurements was 100 kHz to 10mHz, and the amplitude was 10mV. The
EIS data were fitted and analyzed using Zsimpwin software. All measure-
ments were performed at room temperature (~25 °C) and repeated at least
three times to ensure reproducibility.

Data availability
Available from the corresponding author upon reasonable request.
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